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Introduction
The fractal natures of electromagnetic radiation measured in earthquakes (1) and induced by laboratory rock fracture experiments (2) have been reported. We pay attention to close correspondence between laboratory scale electromagnetic observations (2) and pre-seismic electromagnetic radiations (1) . Hayakawa et al. (3) also reported that the Hurst exponent of the ULF component of the geomagnetic field varies similarly to the energy release of the local swarm of earthquakes observed in Japan in 2000. The accord in these phenomena involving remarkably different scales should be considered as a further hint underlying criticality through the fractal properties. Such fractal natures of energy release, referred to as cumulative Benioff strain release (1) (2) , will be a useful indicator of catastrophic phenomena (i.e., earthquakes). However, previous results on the electromagnetic radiation from fracture experiments accompanied by catastrophic collapses of rocks (4) - (7) have not explained the fractal natures of the seismo-electromagnetic radiation.
Here we report, from a friction experiment simulating the essential elements of the motion of an asperity on a fault plane, photon emissions by dielectric breakdown of ambient gases from friction contacts between rock minerals. According to the fractal distribution of fault asperities, we show that the photon emission by dielectric breakdown of gases due to frictional electrification at asperities on the fault plane can be one of origins of the fractal seismo-electromagnetic radiation prior to earthquakes.
Pin-on-disk Method
A vacuum tribometer with a pin-on-disk arrangement has been used in experiments (8) (Fig. 1 ). Spatial distributions of emitted photons were measured by an optical microscope combined with a CCD camera. The CCD camera is sensitive to photon wave lengths of 350-1200 nm. We observed photon emissions between a quartz disk and a pin through the quartz disk from the opposite side of the contact. The disk was made of z-cut plate of natural Brazilian single quartz (crystalline SiO 2 ). Quartz is the most abundant mineral in the upper crust of the Earth. The thickness and the radius of the disk were 1 mm and 17.5 mm, respectively. Both sides were polished up to optical flat, then the disk has high transmittance for the photons during the friction. The pin was also made of a fragment of same Brazilian quartz. The normal forces were varied from 50 to 150 mN in the experiment. From the estimates of real contact area observed under an optical microscope ( Fig. 2 a) , the corresponding normal stresses were estimated to be 4-12 MPa. All experiments were performed under controlled argon gas pressures of 1.2×10 4 Pa under a room temperature. The frictional experiment was conducted under sliding velocity of 9.5 mm/s.
Results
We successfully observed the photon emission only during frictional slips under normal load as low as F = 50 mN (corresponding to normal stress σ = 4 MPa) and at sliding speed two orders of magnitude less (υ = 9.5 mm/s) than seismic speed of 1 m/s. Figure 2b shows the representative photon image during friction using quartz pin. The patterns and intensities of the photon emission depended significantly on the gas pressures and on the shape of the pin. The intensities also depended on the normal stress. The photon emissions occurred outside of the contact area and spread laterally wider than the width of the friction track. The patterns of the photon emissions outside of the contact exhibited comet-like tails about 600 µm long. The highest intensities of emitted photons were generally recorded only outside and behind the contact area against sliding direction, implying that the photons were generated at a gap of a certain width between the disk and pin. Since photon emissions inside of the contact area was recorded only under vacuum (<0.01 Pa), thermal radiation due to frictional heating appeared to be localized in very small point inside of contact area.
Discussion and Conclusion
From the spectral analysis of emitted photons (8) , the photon emission mechanism outside of the contact area was reported to be attributed to the electric discharge of gases (plasma generation). The contact between nominally similar insulators, i.e. quartz/ quartz contact, electrifies depending on surface electron and hole trapping states (9) . Moreover, the photon emissions were observed only during friction, and were recorded outside and behind the contact area against sliding direction (Fig. 2 b) . Similar photon emission was also found during the friction between a diamond pin and a disk of soda-lime glass in air (10) . These results indicate that the plasma generation at the gap was caused by collisional ionization of gas molecules by high-energy electrons accelerated within a high potential difference due to the frictional electrification. In our experiments, the pin and disk correspond to the fault asperity and fault plane, respectively. Thus, electric discharges of gases by frictional electrification (frictional discharges) occurring at sheared asperities on fault surfaces can be the sources of the anomalous electromagnetic radiation prior to earthquakes.
Some researchers reported the relation between cumulative number N EM (> A EM ) of electromagnetic precursor events of amplitudes larger than A EM vs. electromagnetic event amplitude A EM (ref. 1). Its main part follows the power-law:
, where b = 0.62. On the other hand, the fractal nature of electromagnetic radiation induced by uni-and tri-axial rock fractures has been also reported (2) . The analysis of the electromagnetic timeseries before the main fracture reveals that the cumulative distribution function of amplitudes also follows a "Gutenberg-Richter type" law with a b-value close to 2/3. The accord in these phenomena involving different scales indicates that we should focus on underlying fractal properties through seismogenic processes.
Such power law behavior can be a fundamental result of frictional discharges by multiple shearing or slipping of fault asperities during seismogenic processes. On fault planes, the cumulative number N asp (≥ a asp ) of asperities equal to or larger than area a asp shows the following fractal relation:
, where D is an exponent linked to the fractal dimension on the size distribution of fault asperities (11) . With increases in tectonic stress, spontaneously occurring shears or slips at the fractally distributed asperities tend to coalescence to a macroscopic rupture (i.e., main shock of the earthquake), and shearing of asperities would cause the frictional discharges. Because of a asp ∝ A EM , radiation characteristics of electromagnetic waves generated by frictional discharges from fractally distributed asperities would also have fractal properties, and b = D. Thus, from the fractal concept on the size-distribution of fault asperities, the frictional discharge (plasma generation) occurring at asperities on the fault plane can be one of origins of the fractal electromagnetic radiation, so called "electromagnetic Gutenberg-Richter" law (1) (2) , prior to earthquakes (during Benioff strain releasing process).
Since polarization characteristics of gas discharges have been known to be explained by the theory of half-wave dipole antenna (12) , we point out finally that, further analyses of the pre-seismic electromagnetic wave based on the theory of half-wave dipole antenna would play a role in clarifying its correlation with the seismic activities. The areas surrounded by white lines show the contact areas observed by optical microscope; The intensity is color scaled in arbitrary units; The sliding direction of the disk was right direction; Scale bars = 100 µm
